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[1] The hydromorphological implications of the local widening of a tributary where it
enters a conﬂuence were investigated in a laboratory setting that is representative of the
20 major conﬂuences on the channelized Upper Rhone River. Although local tributary
widening reduces the conﬂuence angle, it ampliﬁes the hydromorphosedimentary processes
in the conﬂuence hydrodynamic zone (CHZ), because local widening reduces the effective
ﬂow area, causing increased tributary velocities and momentum ﬂux. The reduction in
effective ﬂow area is caused by an increase in bed elevation and by lateral constriction of
the ﬂow induced by ﬂow stagnation at the upstream corner of the conﬂuence. The increased
tributary velocities amplify the two-layer ﬂow structure in the CHZ. Flow originating from
the tributary is conﬁned to the upper part of the water column and is more markedly
directed outward than ﬂow in the lower part of the water column originating from the main
channel. A shear layer characterized by increased turbulence activity develops at the
interface between the two ﬂow layers. The increased tributary velocities enhance bed
discordance, the penetration of the tributary into the CHZ and the channel bed gradients in
the postconﬂuence channel. The results indicate that local tributary widening can enhance
heterogeneity in sediment substrate, ﬂow velocities and ﬂow depths. Widening may
therefore enhance local habitat and improve the connectivity of the tributary to the main
river network. This may, in turn, provide favorable conditions for the improvement
and reestablishment of ecological river functions, without having adverse impact on
ﬂood safety.
Citation: Leite Ribeiro, M., K. Blanckaert, A. G. Roy, and A. J. Schleiss (2012), Hydromorphological implications of local tributary
widening for river rehabilitation, Water Resour. Res., 48, W10528, doi:10.1029/2011WR011296.
1. Introduction
[2] Many rivers have been channelized and regulated, of-
ten with the aim of ﬂood protection and reclaiming land for
urbanization and agriculture. These river training works of-
ten resulted in river systems with quasi-homogeneous ﬂow
and morphologic conditions, considerably reduced natural
dynamics and impoverished biological communities of low
ecological value [Dynesius et al., 2004; Dynesius and
Nilsson, 1994; Formann et al., 2007; Gurnell et al., 2009;
Lorenz et al., 1997].
[3] River conﬂuences are strategic sites with respect to
the ecological connectivity, ﬂood safety and water quality.
In natural conditions, these locations are typically charac-
terized by high habitat heterogeneity, high variability in
ﬂow, sediment load, sediment size, which are requisites for
high quality ﬂuvial ecosystems. For those reasons, con-
ﬂuences may represent biological hotspots in river net-
works [Benda et al., 2004; Rice et al., 2006, 2008].
[4] River widening has become a common practice in
river rehabilitation [Formann et al., 2007; Hunziger, 1999;
Nakamura et al., 2006; Rohde, 2004; Rohde et al., 2005;
Weber et al., 2009]. Its purpose is to allow the river to
adjust to its natural dynamics and to enhance riparian and
in stream habitat for plants and animals by increasing the
heterogeneity in substrate, ﬂow and morphology. As of yet,
local widening of a tributary where it enters a conﬂuence
has not been investigated.
[5] This paper investigates the hydromorphological impli-
cations and the rehabilitation potential of local tributary wid-
ening by direct engineering intervention on rivers such as the
Upper Rhone River, upstream of Lake Geneva, Switzerland
(Figure 1). This river is channelized over almost its entire
length at an almost constant embanked width. Also the lower
reaches of the tributaries are channelized and the conﬂuences
are characterized by pronounced bed discordances (i.e., the
difference in bed elevation between the tributary and the
main channel at the tributary mouth), which have often been
stabilized by means of weirs or block ramps. The natural
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heterogeneity and fragmentation of the river system have
been severely affected by these engineering interventions,
which are believed to be an important cause of ecological
degradation [Fette et al., 2007; Peter et al., 2005]. At pres-
ent, a major river rehabilitation project is in progress in the
Upper Rhone basin with the aim of achieving both improved
ﬂood protection and enhanced ecological value [Weber,
2006]. The rehabilitation of conﬂuences with the aim to
locally increase heterogeneity, improve habitat and enhance
longitudinal connectivity, is an important component of the
overall rehabilitation project. The design of the conﬂuence
rehabilitation is, however, hindered by a lack of understand-
ing of the relevant hydromorphosedimentary processes and
their interactions with ecological processes at these sites.
[6] Fluvial processes at conﬂuences are known to depend
on the planform and slope of the conﬂuent channels, con-
ﬂuence angle, discharge and momentum ﬂux ratios, bed
material and sediment supply. Leite Ribeiro et al. [2012]
have summarized and examined the foregoing investiga-
tions of [Best, 1988; Biron et al., 1993; Boyer et al., 2006;
Leclair and Roy, 1997; Rhoads and Kenworthy, 1995;
Rhoads et al., 2009] on hydromorphosedimentary processes
within what Kenworthy and Rhoads [1995] have referred to
as the conﬂuence hydrodynamic zone (CHZ)—the zone
within, upstream and downstream of the conﬂuence
affected by ﬂow convergence. Leite Ribeiro et al. [2012]
have concluded that the current understanding is based on a
surprisingly small number of investigated conﬁgurations,
as represented by the conceptual models of Best [1988]
based on laboratory experiments, Leclair and Roy [1997]
and Boyer et al. [2006] based on investigations of the
Bayonne-Berthier conﬂuence and Rhoads et al. [2009]
based on investigations of the conﬂuence of the Kaskaskia
River and Copper Slough. Due to considerably different
conﬂuence characteristics, none of these conceptual models
can represent completely the hydromorphosedimentary
processes in conﬂuences on the Upper Rhone River. Based
on detailed measurements of the morphology, the sediment
size, the sediment transport, and the three-dimensional
ﬂow ﬁeld in a laboratory ﬂume in equilibrium conditions,
Figure 1. Upper Rhone River basin showing the twenty main conﬂuences between Brig (upstream at
the right in the ﬁgure) and Lake Geneva (downstream, at the left in the ﬁgure).
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Leite Ribeiro et al. [2012] have proposed a conceptual
model for conﬂuences such as those on the Upper Rhone
River, which have the following characteristics:
[7] The main channel provides the dominant discharge,
as quantiﬁed by the discharge ratio Qt/Qm and momentum
ﬂux ratio Mr ¼ QtUt/QmUm. Q is the discharge (m3 s1),
 is the water density (kg m3), U is the mean velocity
(m s1) and the subscripts t and m represent the tributary
and main channels, respectively.
[8] 1. The sediment is predominantly and abundantly sup-
plied by the tributary, and consists of poorly-sorted gravel
with a high gradation coefﬁcient.
[9] 2. The relatively steep tributary is smaller than the
low-gradient main channel. The ﬂow in the tributary is
transcritical during formative ﬂoods, i.e., the Froude num-
ber is close to unity.
[10] Because this model, illustrated in Figure 2, serves as
reference in the present investigation on tributary widening,
its main features are brieﬂy described. The pronounced bed
discordance (M1) at the conﬂuence mouth is due to the im-
portant difference between the ﬂow depths in the steep trib-
utary and in the low-gradient main channel. The formation
of a stagnation zone (F4) at the upstream conﬂuence corner
causes an asymmetric distribution of the ﬂow and sediment
transport, whereby the sediment transfer between the tribu-
tary and the main channel mainly occurs near the down-
stream corner of the conﬂuence. The presence of a large
bar at the inner bank (M2) and the absence of a marked
scour hole at the outer bank (M5) are typical of conﬂuences
characterized by a dominant and abundant sediment supply
originating from the tributary and by low discharge and
momentum ﬂux ratios. The bar leads to a reduction in cross-
sectional area and a corresponding acceleration of the ﬂow
that provides an increase in sediment transport capacity,
which allows the load from the tributary to be transported
through the CHZ. The pronounced bed discordance leads to
the formation of a two-layer ﬂow structure (F1, F2, F3).
Flow originating from the tributary is mainly conﬁned to the
upper part of the water column of the main channel, where it
deﬂects ﬂow in the main channel outward. The bed discord-
ance shields the ﬂow in the lower part of the water column
from the effects of the tributary inﬂow, allowing this ﬂow to
move unimpeded through the conﬂuence and into the down-
stream channel. The two-layer ﬂow structure does not lead
Figure 2. Conceptual model for hydromorphosedimentary processes in conﬂuences between a small
steep tributary with dominant supply of poorly sorted sediment and a larger low-gradient main channel
with dominant ﬂow supply [Leite Ribeiro et al., 2012].
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to the formation of secondary circulation cells. The near-bed
ﬂow originating from the main channel encounters at the
conﬂuence mouth coarse sediment supplied by the tributary.
This near-bed ﬂow moves over the sloping face of the bar
(M3). It accelerates and has a component that is directed up
the bar face. This component of the ﬂow equilibrates the
downslope gravitational force on the sediment particles and
thereby conditions the slope of the bar face and the sediment
sorting occurring on it. A shear layer (F5) develops where
ﬂows originating from the tributary and from the main chan-
nel collide. It is characterized by increased turbulence and
its outer limit coincides closely with the toe of the bar (M2).
In the downstream conﬂuence corner, spiral vortices (F6) lift
ﬁne material into suspension. Fine materials are then trans-
ported near the inner bank (M4) while coarse sediments are
transported on the bar face (M3).
[11] This paper reports on an investigation in a labora-
tory setting that is representative of the 20 major conﬂuen-
ces on the Upper Rhone River. Speciﬁc aims of the
investigation are to (1) analyze the hydromorphosedimen-
tary implications of tributary widening through a compari-
son with the nonwidened condition (sections 3 and 4), (2)
assess the potential of local tributary widening in the
framework of river rehabilitation (section 5), (3) provide
detailed experimental data on the ﬂow, turbulence, sedi-
ment transport and bed morphology in a reference nonwid-
ened conﬁguration (which is reported in more detail by
Leite Ribeiro et al. [2012]) and a conﬁguration with local
tributary widening.
2. Experiment Descriptions
[12] A laboratory investigation was performed under geo-
metric and hydraulic conditions that are representative of the
20 major conﬂuences on the Upper Rhone River. Table 1
summarizes the characteristics of these 20 conﬂuences, as
well as the variability in the principal parameters. The experi-
mental set-up is not designed as a scale model of one particu-
lar conﬂuence, but rather as a schematized conﬁguration that
aims at reproducing the dominant processes occurring in a
broader range of conﬁgurations with the characteristics
described in the introduction. The hydromorphosedimentary
processes that occur in river conﬂuences depend on numerous
control variables and parameters, which cannot all be repro-
duced in laboratory models [Yalin, 1971; Yalin and da Silva,
2001] The experimental design primarily aims at reproducing
the control variables and parameters that are expected to be
of dominant importance, i.e., (1) the conﬂuence geometry;
(2) the ﬂow characteristics; (3) the sediment characteristics.
[13] The conﬂuence ﬂume had smooth vertical banks
and included a 8.5 m long and 0.50 m wide main channel.
A 4.9 m long and 0.15 m wide tributary, connected at
an angle of 90 entered the main channel at a distance of
3.60 m downstream of its inlet (Figure 3). The ratios of the
tributary width to the main channel width of Bt/Bm ¼ 0.3
and of the main channel width to the postconﬂuence chan-
nel width of Bm/Bp-c ¼ 1 were typical of river channel con-
ﬂuences on the Upper Rhone River (Table 1). The
intersection angles of the tributaries with the upper Rhone
River are highly variable (Table 1). At present, these con-
ﬂuence angles are engineered rather than the result of natu-
ral morphodynamic processes. A local widening of the
tributary may lead to a morphodynamic adjustment of the
conﬂuence angle. For the present project, the maximum
observed value of 90 has been adopted in the nonwidened
reference conﬁguration. In the experiment reported here,
the width of the tributary was symmetrically doubled
(Bw ¼ 0.30 m), over a distance from the tributary channel
mouth that is three times the reference tributary channel
width (Lw ¼ 3Bt ¼ 0.45 m). Figure 3 shows the experi-
mental set-up including the geometry of the locally wid-
ened tributary channel and the reference conﬁguration. An
orthogonal (X, Y, Z) reference system was adopted for the
experiments, where the X-axis is along the main channel in
streamwise direction, the Y-axis points toward the left and
has its origin at the right bank of the main channel (outer
bank), and the Z-axis is vertically upward.
[14] The ﬂow discharges of the main and tributary chan-
nels were Qm ¼ 18.0 l s1 and Qt ¼ 2.0 l s1, respectively,
leading to a discharge ratio Qt/Qm ¼ 0.11—a value typical
for the Rhone basin under formative hydrological condi-
tions corresponding to ﬂoods with return periods of approx-
imately 2–5 years. In the reference conﬁguration, this
discharge ratio corresponds to a momentum ﬂux ratio of
Mr ¼ QUt/QUm ¼ 0.20, where  is the water density
(kg m3) and U the mean velocity (m s1). Constant ﬂow
discharges were supplied by two independent pumps, con-
nected upstream of the main channel and the tributary. An
adjustable tailgate at the end of the main channel ﬁxed the
downstream ﬂow depth at 0.07 m. Initial ﬂow depths in the
main channel and in the tributary were 0.09 m and 0.06 m,
respectively.
[15] The movable bed was initially ﬂat in the main chan-
nel and consisted of a sediment mixture characterized by
d50 ¼ 0.82 mm; dm ¼ 2.3 mm and d90 ¼ 5.7 mm with a
gradation coefﬁcient  ¼ 4.15, where  ¼ 0:5  ðd84=d50þ
d50=d16Þ. A constant sediment discharge of 0.30 kg min1
from the same sediment mixture was supplied by a con-
veyor belt at the tributary inlet only. The sediment charac-
teristics and the sediment discharge adopted for the
experiments satisﬁed three requirements: (1) a longitudinal
slope in the tributary in the range of those found in the
Table 1. Geometric and Hydraulic Characteristics of the Main Conﬂuences on the Upper Rhone Rivera
Angle (deg) Bt/Bm Bm/Bp-c
Tributary Bed
Slope (%) Q2t/Q2m Q5t/Q5m FrtQ2 FrtQ5 Mr_Q2 Mr_Q5
Average 62 0.22 1.02 1.1% 0.10 0.09 0.83 0.83 0.12 0.08
Max 90 0.54 1.27 4.0% 0.32 0.31 1.29 1.30 0.45 0.30
Min 30 0.07 0.71 0.0% 0.01 0.01 0.03 0.03 0.00 0.00
aB is the channel width, Q2 and Q5 are the discharges with a return period of 2 and 5 years, respectively, Fr is the Froude number,Mr ¼ QtUt/QmUm
is the momentum ﬂux ratio, where  is the water density and U the mean velocity, and the subscripts t, m and p-c represent the tributary, main channel
and postconﬂuence channel, respectively.
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Upper Rhone (Table 1), (2) a Froude number in the tribu-
tary that is close to unity; (3) grain size sorting representa-
tive of the Upper Rhone within the reach that encompasses
the 20 main considered conﬂuences [Leite Ribeiro, 2011,
Figure 3–16]. The normalized particle size distribution of
the sediment is similar to those found in the Upper Rhone
(Figure 4).
[16] The bed was initially covered with the poorly sorted
sediment mixture in the main channel and the tributary.
Before the beginning of the run, the bed was ﬂattened in
the main and postconﬂuence channels and had an initial
longitudinal slope of around 0.05% in the tributary. The
steady ﬂow discharges were provided to the main channel
and the tributary, respectively, and 0.3 kg min1 of sedi-
ment was fed to the tributary only. This procedure aimed at
reproducing conditions where the main channel’s bed is
armored and its banks are protected, and where ﬂoods in
the steep tributary carry important loads of sediment. Such
conditions are encountered in the Upper Rhone River. A
sediment trap at the downstream end of the main channel
Figure 3. Experimental set-up, (X, Y, Z) reference system and grain size distribution of the supplied
sediment. The cross sections where velocity measurements were performed are indicated by the dashed
lines and the locations of the bed samples by the dark circles. The limit between the main channel and
the postconﬂuence channel is the tributary axis at X ¼ 0.60 m.
Figure 4. Distributions of the grain size normalized with
the average grain diameter of the bed surface for the sedi-
ment mixture used in the laboratory experiments and for
different locations on the Upper Rhone River (upstream
distances with respect to Lake Geneva).
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recovered the transported sediment. During the experiment,
sediment volumes entering and leaving the ﬂume were
weighed. Equilibrium conditions, deﬁned by a steady level
of the bed topography and identical sediment ﬂuxes enter-
ing and leaving the ﬂume, were reached after 22 h in the
conﬁguration with local tributary widening and after 23 h
in the reference conﬁguration.
[17] Water surface elevations were measured with echo
sounders for durations of 10 s at a frequency of 128 Hz,
providing an average value with an accuracy of 61 mm.
The bed topography was measured with a Mini Echo
Sounder with an accuracy of 61 mm. Both instruments
were installed on a movable frame that covers part of the
experimental set-up (3.80 m in the main and postconﬂuence
channels and 3.00 m in the tributary, see Figure 3). Table 2
summarizes information on the measuring grids for the
widened test. The bed topography maps reported hereafter
were obtained by bilinear interpolation between the meas-
ured points.
[18] Once the equilibrium bed morphology was estab-
lished, nonintrusive measurements of velocity proﬁles were
made with an Acoustic Doppler Velocity Proﬁler (ADVP)
developed at Ecole Polytechnique Fe´de´rale Lausanne (Swit-
zerland). The working principle of the ADVP has been
described by Lemmin and Rolland [1997], Hurther and
Lemmin [1998], Blanckaert and Graf [2001] and Blanckaert
and Lemmin [2006]. Blanckaert [2010] described in detail
the data treatment procedures and quantiﬁed the uncertainty
in the measurements as follows: approximately 4% in the
time-averaged longitudinal velocity ux, approximately 10%
in the cross-stream velocities (uy, uz), approximately 20% in
the turbulent kinetic energy (tke). More details about the
application of the ADVP in the conﬂuence ﬂume are
reported in Leite Ribeiro et al. [2012]. Flow velocities were
measured in ﬁve cross-sections in the main and postconﬂu-
ence channels. The positions of the cross-sections were cho-
sen to facilitate comparison between both conﬁgurations,
i.e., the upstream corner of the conﬂuence (X ¼ 0.53 m and
X ¼ 0.45 m for the reference and widened conﬁgurations,
respectively), the axis of the tributary (X ¼ 0.60 m for
both cases), the downstream corner of the conﬂuence (X ¼
0.68 m and X ¼ 0.75 m, respectively), a distance that corre-
sponds to a tributary width (0.15 m) downstream of the con-
ﬂuence (X ¼ 0.83 m and X ¼ 0.90 m, respectively) and
0.65 m downstream (X ¼ 1.33 m and X ¼ 1.4 m, respec-
tively) of the conﬂuence.
[19] Samples of the surface bed material under equilibrium
conditions were collected at different locations (Figure 3)
and grain size analysis by sieving was performed. In the
reference conﬁguration, samples were collected in the main
channel upstream of the conﬂuence (S1), the tributary (S2),
the top (S3) and the toe (S4) of the bar face. In the widened
conﬁguration additional samples were collected in the center
(S5) and the downstream corner (S6) of the widened zone
(Figure 3).
3. Water Surface Elevation, Bed Morphology,
and Sediment Transport
[20] The main morphological features (Figure 5) in the
conﬁguration with the local tributary widening are similar
to those schematized for the reference conﬁguration in
Figure 2, i.e., (1) the formation of a pronounced bed discord-
ance between the tributary and the main channel; (2) the
presence of a large bar downstream of the conﬂuence at the
inner bank; (3) slight scour near the outer bank (see also
Figure 7e). The local tributary widening does, however,
induce systematic morphological changes, as highlighted in
Figure 6 for the tributary and in Figure 7 for the main and
postconﬂuence channels.
[21] Water surface elevations in the widening are similar
to those in the reference conﬁguration (Figure 6). However,
there is an overall increase in bed elevation in the local trib-
utary widening compared to the reference conﬁguration.
The increase in the bed elevation is however, not constant
and therefore the widened zone is characterized by a pro-
nounced variability in ﬂow depths (Figure 6). The ﬂow
depth along the axis of the channel is reduced to approxi-
mately 0.01 m, which corresponds to approximately half of
the ﬂow depth in the reference conﬁguration (Figure 6),
and the ﬂow depth in the thalweg (¼0.018 m) is still less
than in the reference conﬁguration. The main-channel ﬂow
causes a deviation of the thalweg toward the inner (down-
stream) bank of the widened zone (Figures 6b and 6c).
Moreover, it creates dry zones and zones of ﬂow stagnation
near the outer (upstream) bank (Figure 6b). Local widening
of the tributary is associated with a reduction of approxi-
mately 15% in effective cross-sectional ﬂow area measured
at Y ¼ 0.55 m as compared to the reference conﬁguration.
This reduction leads to an increase in the tributary veloc-
ities and a corresponding increase in the tributary momen-
tum ﬂux. The increase of the tributary ﬂow velocity and the
reduction of the tributary ﬂow depth lead to an increase in
the bed discordance height and a deeper penetration of the
tributary ﬂow into the main channel (Figure 6a, Figure 7a).
[22] The bed discordance is oblique with respect to the
main channel and nearly perpendicular to the thalweg at
the tributary mouth (Figure 5, Figure 7a). The local
Table 2. Measuring Grids for the Water Surface Elevation and the Bed Topography for the Widened Test
Location Water Level Bed Topography
Main channel and
postconﬂuence channel
Three transverse points (Y ¼ 0.05, Y ¼ 0.25 and
Y ¼ 0.45 m) in nine cross-sections (X ¼ 0.03,
X ¼ 0.44, X ¼ 0.50, X ¼ 0.60, X ¼ 0.72,
X ¼ 0.74, X ¼ 1.18, X ¼ 2.18 and X ¼ 3.18 m).
Thirteen longitudinal proﬁles (measuring grid of X ¼ 0.009 m
in the domain X ¼ 0 to 3.80 m) spaced byY ¼ 0.04 m from
Y ¼ 0.04 to Y ¼ 0.46 and additional proﬁle at Y ¼ 0.48 m.
Tributary upstream of
the local widening
Eight points on the tributary axis spaced by
Y ¼ 0.20 m between Y ¼ 1.04 and Y ¼ 3.44 m.
Points on the tributary axis with a spaced byY ¼ 0.20 m
between Y ¼ 1.13 and Y ¼ 1.33 m.
Local tributary widening Three transverse points (X ¼ 0.50, X ¼ 0.60 and
X ¼ 0.72 m) in ﬁve cross-sections (Y ¼ 0.54,
Y ¼ 0.64, Y ¼ 0.74, Y ¼ 0.84 and Y ¼ 0.90 m).
Nine cross-sections (measuring grid of X ¼ 0.009 m in the do-
main X ¼ 0.475 to X ¼ 0.725 m) spaced by Y ¼ 0.05 m from
Y ¼ 0.54 to Y ¼ 0.84 and additional proﬁle at Y ¼ 0.90 m.
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tributary widening does not affect the average ﬂow depth
of approximately 0.02 m and the average bed slopes of
approximately 1.9% in the tributary upstream of the widen-
ing. Moreover, the local tributary widening does not notice-
ably affect the water surface and bed elevations in the
tributary upstream of the widening (Figure 6). Thus, local
tributary widening does not modify hydraulic conditions in
the tributary, an important consideration in ﬂood safety.
[23] Figure 7 illustrates systematic morphological changes
in the main and postconﬂuence channels induced by the local
tributary widening. The increased discordance height and
tributary penetration (Figure 6a) lead to a general rise in the
bed level in the CHZ (Figure 7). Downstream of the tributary
mouth, however, change in the cross-sectional averaged bed
levels is small (Figure 7b) consisting merely of morphologi-
cal redistribution (Figure 7a). This result is not unexpected
because the ﬂow and sediment discharge in the postconﬂu-
ence channel are not modiﬁed by the local tributary widen-
ing. The morphological redistribution occurs by means of
increased bed gradients. Increased deposition on the bar
leads to the occurrence of a zone with an exposed channel
bed at the inner bank just downstream of the conﬂuence.
This zone is approximately 0.65 m long (X-axis) and 0.08 m
wide (Y-axis) and is covered by ﬁne sand. The increased dep-
osition at the inner bank is compensated by slightly increased
scour near the outer bank (Figure 7e). The slope of the
upstream face of the bar along the X-axis increases consider-
ably from approximately 20% in the reference conﬁguration
Figure 5. Equilibrium bed morphology for the main and postconﬂuence channels and the local tribu-
tary widening with indication of the two cross-sections in the tributary widening, the longitudinal proﬁle
along the tributary axis and the three longitudinal proﬁles in the main and postconﬂuence channels
shown in Figure 6 and Figure 7. The reference level corresponds to the level of the initially horizontal
bed and is situated at Z ¼ 0.02 m (indicated by the thick black line).
Figure 6. Comparison in the tributary of the water surface and bed elevations in the reference conﬁgu-
ration and the conﬁguration with local tributary widening. (a) Longitudinal proﬁle along the axis of the
tributary, (b and c) Cross-sections situated in the middle of the local tributary widening (Y ¼ 0.75 m)
and at the tributary mouth (Y ¼ 0.55 m).
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Figure 7
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to approximately 27% in the conﬁguration with local tribu-
tary widening (Figure 7c). The local tributary widening does
not noticeably affect the water surface elevation in the main
and postconﬂuence channels (Figures 7b–7e), suggesting
that the local tributary widening does not have adverse
effects on ﬂood safety.
[24] Visual observations show that the sediment trans-
port corridors in the local tributary widening also deviate
toward the inner (downstream) bank (Figure 8a). In addi-
tion, two dry zones consisting of ﬁne sediments form at the
entrance of the local tributary widening. A third dry zone at
the inner bank in the postconﬂuence channel shifts the ﬂow
and sediment transport corridors in the outward direction
(Figure 8). As qualitatively indicated in Figure 8b, the sedi-
ment is mainly transported on the sloping bar face. The
size of the transported sediment increases from the top to
the toe of the bar face. This sediment sorting face is quanti-
ﬁed by means of the grain size distributions in the sampling
locations S3 and S4 on the top and near the toe of the bar
face, respectively (Figure 9).
[25] Figure 9 compares the grain size distributions in
corresponding locations in the reference and the local trib-
utary widening conﬁgurations. The grain size distributions
upstream of the CHZ in the main channel (S1) and
upstream of the local tributary widening (S2) should not
be affected by the local tributary widening. Differences
between the grain size distributions in both conﬁgurations
therefore give an indication of the uncertainty in the bed
surface sampling procedure.
[26] The grain size distribution on the axis of the local
tributary widening (S5) is considerably coarser than in the
reference tributary (S2). This is consistent with the reduced
effective ﬂow area and increased velocities in the local trib-
utary widening. The local tributary widening is character-
ized by a high heterogeneity in grain sizes, as indicated by
the considerable differences in the grain size distributions
in the locations S5 (dm ¼ 5.4 mm) and S6 (dm ¼ 0.6 mm).
4. Flow Dynamics
4.1. Flow Visualization
[27] Flow expands upon entering the local tributary wid-
ening (Figure 10). The inﬂuence of the ﬂow in the main
channel induces an asymmetry of this ﬂow expansion,
which is deﬂected toward the inner (downstream) bank of
the widened zone. At a distance of 0.27 m from the entrance
of the widened zone, the tributary ﬂow reattaches to the
inner (downstream) bank. The ﬂow deﬂection, however, pre-
vents the ﬂow from reattaching to the outer (upstream) bank.
As a result of this deﬂection, the tributary ﬂow enters the
main channel at an angle of approximately 65 (Figure 10).
[28] At the upstream corner of the conﬂuence, ﬂow origi-
nating from the main channel protrudes into the local tribu-
tary widening. The mutual backwater effect of the converging
ﬂows creates a zone of ﬂow stagnation (Figure 10), which is
characterized by a slight rise in the water surface elevation.
This stagnation zone reduces the effective width of the tribu-
tary ﬂow, which is not larger at the tributary mouth than in
the reference conﬁguration (Figure 10). The reduction in
effective width and the reduced ﬂow depth lead to increased
tributary velocities and an increased tributary momentum ﬂux
into the main channel.
[29] The local tributary widening considerably modiﬁes
the ﬂow ﬁeld in the CHZ (Figure 11). The increased height
of the bar leads to the formation of a dry zone at the inner
bank just downstream of the conﬂuence, which does not
exist in the reference conﬁguration. The dry zone has a
length of approximately 0.65 m and a width of approxi-
mately 0.08 m. This dry zone and the increased tributary
velocities shift the ﬂow further toward the outer bank of the
Figure 8. Sediment transport corridors, dry zones and
face of the bar based on visual observations in the local
tributary widening and the CHZ. The view is from the outer
bank into the tributary. The thickness of the lines represent-
ing the sediment transport corridors indicates qualitatively
the increase of the transported particle diameters.
Figure 7. Comparison in the main and postconﬂuence channels of the water surface and bed elevations in the reference
conﬁguration and the conﬁguration with local tributary widening. (a) Differences in bed topography; (b) Longitudinal
proﬁle of the cross-sectional averaged water-surface and bed elevations; (c, d, and e) Longitudinal proﬁles near the inner
bank (Y ¼ 0.45 m), on the channel axis (Y ¼ 0.25 m) and near the outer bank (Y ¼ 0.05 m), respectively.
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main channel as compared to the reference conﬁguration.
This shift is evident by comparing the positions of the shear
layer generated by the collision of ﬂow originating from
the main channel and the tributary (Figure 11).
4.2. Depth-Averaged Flow Field
[30] Figure 12 shows the measured patterns of the unit
discharges (qx, qy) ¼ (Uxh, Uyh) (h is the local ﬂow depth)
and the depth-averaged velocities (Ux,Uy) superimposed on
a contour plot of the bed morphology in the CHZ for the
conﬁguration with local tributary widening. The local
increase in depth-averaged velocity near the downstream
corner of the conﬂuence from X ¼ 0.60 m to X ¼ 0.75 m
conﬁrms the result of the ﬂow visualization that the tribu-
tary ﬂow is mainly conveyed into the main channel near
the downstream corner of the conﬂuence.
[31] The depth-averaged ﬂow vectors are about parallel to
the contour lines of the bed morphology, indicating the im-
portant role played by topographic steering: the ﬂow steers
around the highest areas and concentrates where bed mor-
phology is lowest, which is in agreement with the require-
ments of mass conservation. This effect leads to considerable
outward mass transport in the CHZ, accompanied by ﬂow
acceleration in the outer half of the cross-section and ﬂow
deceleration in the inner half of the cross-section. Down-
stream of the cross-section at X ¼ 1.2 m (Figure 12), ﬂow
expansion leads to inward mass transport, as illustrated by
the ﬂow vectors measured in the cross-section at X ¼ 1.4 m.
The pronounced transverse variations in the ﬂow depth h
cause a pronounced nonuniformity of the unit discharge Uxh
over the width of the postconﬂuence channel.
[32] The local tributary widening leads to an ampliﬁca-
tion of the bed gradients (Figure 7a), which also ampliﬁes
the topographic steering of the ﬂow. This ampliﬁcation is
illustrated in Figure 13, which assesses the inﬂuence of the
local tributary widening on the bed morphology and the
streamwise unit discharge by comparison of corresponding
cross-sections in the reference conﬁguration and the conﬁg-
uration with local tributary widening. The bed morphology
Figure 9. Grain size distributions in the sampled locations for the reference conﬁguration (full lines)
and the conﬁguration with local tributary widening (dashed lines).
Figure 11. Flow visualization with color dye introduced
in the tributary. Vertical white lines indicate the cross-
sections where velocity measurements were performed.
The location of the outer limit of the shear layers at the
water surface is indicated by the full white line (conﬁgura-
tion with local tributary widening) and by the dashed blue
line (reference conﬁguration).
Figure 10. Flow visualization in the local tributary wid-
ening using color dye indicating the main ﬂow features.
The dashed rectangle in the left picture corresponds to the
shaded area in the right picture.
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and the unit discharge in the cross-section measured at the
upstream corners of the conﬂuence (X ¼ 0.53 m and X ¼
0.45 m for the reference and widened conﬁgurations, respec-
tively) are rather similar. The bed morphology and unit dis-
charge already slightly increase in the outward direction,
which is in agreement with the outward vectors observed in
Figure 12. This skew can be attributed to topographic steer-
ing due to the presence of the bar as well as to the deﬂection
by the inﬂow originating from the tributary.
[33] The local tributary widening has a marked inﬂuence
on the bed morphology and the streamwise unit discharge
from the cross-section located at the tributary axis. As
Figure 12. Contours of the bed morphology and vector representations of the depth-averaged unit dis-
charges (qx, qy) ¼ (Uxh,Uyh) (full vectors) and the depth-averaged velocities (Ux,Uy) (dashed vectors).
The dry zone is indicated by the shadow region.
Figure 13. Comparison of the normalized streamwise speciﬁc discharge, Uxh/UH, and the bed mor-
phology, in the reference conﬁguration (dashed lines) and the conﬁguration with local tributary widening
(full lines). (1) At the upstream conﬂuence corner; (2) At the tributary axis, (3) At the downstream con-
ﬂuence corner, (4) 0.15 downstream of the conﬂuence, (5) 0.65 m downstream of the conﬂuence.
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illustrated in Figure 13, greater bar protrusion and bar de-
velopment within and downstream of the conﬂuence gener-
ally induces greater unit discharges near the outer bank and
smaller unit discharges near the inner bank through topo-
graphic steering effects.
[34] The occurrence of a dry zone at the inner bank in
the conﬁguration with local tributary widening (Figure 11
and Figure 12) considerably affects the distribution of the
unit discharge in the cross-section situated 0.15 m down-
stream of the conﬂuence. It ampliﬁes the decrease of the
unit discharge in the inner part of the cross-section and
leads to an increased unit discharge at the outer bank. Mor-
phological differences between both conﬁgurations have
diminished at the cross-section 0.65 m downstream of the
conﬂuence (Figure 7, Figure 13), which corresponds to the
downstream limit of the dry zone in the conﬁguration with
local tributary widening (Figure 11). The unit discharge at
the outer bank is still considerably higher, however, in the
conﬁguration with local tributary widening. Due to the
increased scour (maximum approximately 0.015 m or
approximately 15% of the ﬂow depth) and the increased
unit discharge near the outer bank, the local tributary wid-
ening may increase the ﬂow attack on the outer bank.
4.3. Three-Dimensional Flow Field
[35] The local tributary widening does not fundamentally
modify the hydrodynamic processes shown in Figure 2.
The three-dimensional ﬂow patterns in the CHZ in the con-
ﬁguration with local tributary widening are illustrated in
Figure 14 by means of the patterns of the three mean veloc-
ity components (ux,uy,uz) measured in ﬁve cross-sections
along the main and postconﬂuence channels. The contour
lines correspond to the streamwise velocities (ux) whereas
the vectors represent the transverse and vertical (uy,uz)
velocities.
[36] The inﬂuence of the tributary is already discernable
at the upstream corner of the conﬂuence (X ¼ 0.45 m) where
considerable outward velocities occur. Different processes
contribute to this transverse mass redistribution. The most
important is probably topographic steering due to the pres-
ence of the bar that directs the ﬂow outward. As shown by
the ﬂow visualization (Figure 11), the mutual backwater
effects of the converging ﬂows cause a stagnation zone
which is characterized by a rise in the water level near the
inner bank (Figure 10). These processes originate at the trib-
utary mouth and weaken with distance from the inner bank.
[37] Flow from the tributary protrudes into the CHZ and
postconﬂuence channel and thereby changes its direction in
a zone approximately 1.5 m long (Figure 12). This tributary
inﬂow mainly remains near the water surface, which is due
to the pronounced bed discordance (Figure 6 and Figures
14b and 14c). This near-surface ﬂow originating from the
tributary occupies at maximum about two thirds of the
width of the postconﬂuence channel (Figure 14d). A two-
layer ﬂow structure exists near the conﬂuence mouth: ﬂow
in the upper part of the water column originating from the
tributary is considerably more outward directed than ﬂow
in the lower part of the water column originating from the
main channel. This effect is best discernible in the cross-
sectional patterns of the transverse velocity (Figure 15a and
15c) and in the plan view of the horizontal velocity compo-
nents near the bed and near the water surface (Figure 16a).
This effect is most pronounced near the downstream corner
of the conﬂuence (Figures 14c, 15, and 16a) where the main
tributary inﬂow occurs. The skewing of both ﬂow layers
does not lead to the generation of secondary ﬂow cells.
[38] A shear layer is generated where both ﬂow layers
collide. Its position at the water surface was indicated
by ﬂow visualization in Figure 11. The three-dimensional
shape of the shear layer is inferred from the cross-sectional
pattern of the streamwise velocity (Figures 14b–14d), trans-
verse velocity (Figure 15) and turbulent kinetic energy
(tke) (Figure 17). Note that the indications provided by
these different ﬂow variables do not perfectly agree,
whence the shear layer indicated in the ﬁgures does not per-
fectly coincide with the largest gradient in streamwise
velocities (Figures 14b–14d) and the highest tke values
(Figure 17). Note also that the shear layer is outside the
measuring grid in the cross-section on the tributary axis
(X ¼ 0.60 m), and therefore only indicated in the ﬁgures
for the cross-sections further downstream.
[39] The momentum input by the tributary increases
the magnitude of the velocity vector near the inner bank
(Figure 12, and compare Figure 14b and Figure 14c). The
core of maximum streamwise velocities occurs in the lower
part of the water column near the toe of the bar face
(Figures 14b–14d). Its coincidence with the transport corri-
dors of the coarsest sediment (Figure 8) indicates its impor-
tance with respect to sediment transport. In the cross-
section situated at X ¼ 0.90 m, i.e., 0.15 m downstream of
the conﬂuence (Figure 14d), the transverse velocities near
the inner bank have weakened, but the two-layer ﬂow struc-
ture and the core of highest velocities close to the bed near
the inner bank are still discernible. This cross-section is
characterized by an acceleration of the ﬂow, especially on
the slope of the bar near the inner bank. This ﬂow accelera-
tion, which plays an important role in the transport of sedi-
ment supplied by the tributary, can be attributed to three
effects. First, the bar near the inner bank reaches its maxi-
mum height (Figure 5), which leads to a considerable
reduction of the ﬂow area. Second, the near-surface ﬂow
originating from the tributary occupies approximately two
thirds of the width (see dye visualization in Figure 11)
which leads to a contraction and further reduction of the
area occupied by the ﬂow originating from the main chan-
nel. Third, this reduction of the ﬂow area is accompanied by
Figure 14. Mean streamwise ﬂow velocities ux (contourlines) and cross-sectional ﬂow vectors (uy, uz) measured in the
ﬁve cross-sections in the main and postconﬂuence channels indicated in Figure 3. The two vertical dashed lines represent
the boundaries between measurements performed with different ADVP conﬁgurations, whereas the shaded areas indicate
regions where the ﬂow measurements are perturbed by the ADVP housing that touches the water surface (more informa-
tion is provided in Leite Ribeiro et al. [2012]). The thick black line indicates the position of the shear layer as inferred
from the velocity patterns (present ﬁgures), the patterns of the turbulent kinetic energy (Figure 17) and the ﬂow visualiza-
tion (Figure 11). The toe of the bar face is indicated by the gray ellipse.
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Figure 16. Velocity vectors (ux, uy) near the bed (Z/h ¼ 0.2; dashed vectors) and near the surface
(Z/h ¼ 0.7, full vectors) superimposed on the local bed morphology; only the inner half of the width is
shown. (a) conﬁguration with local tributary widening, (b) reference conﬁguration. The dashed circle in
(a) indicates the dry zone.
Figure 17. Patterns of the normalized turbulent kinetic energy (tke/u2) in the cross-sections at (a) X ¼
0.75 m, (b) and X ¼ 0.90 m in the conﬁguration with local tributary widening. The characteristic shear
velocity u ¼ 0.04 ms1 used for the normalization is the same as for the reference case [see Leite
Ribeiro et al., 2012].The shaded areas indicate regions where the ﬂow measurements are perturbed by
the ADVP housing that touches the water surface (more details in Leite Ribeiro et al. [2012]). The thick
black line indicates the position of the shear layer as inferred from the velocity patterns (Figure 14), the
patterns of the turbulent kinetic energy (present ﬁgure) and the ﬂow visualization (Figure 11). The toe of
the bar face is indicated by the gray ellipse.
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a backwater effect that provides the local steepening of the
water surface (Figure 7c) required to accelerate the ﬂow.
[40] The 3-D ﬂow patterns conﬁrm the topographic steer-
ing of the ﬂow which was identiﬁed in the depth-averaged
ﬂow patterns (Figure 12): ﬂow goes outward over the
entire ﬂow depth in the inner half of the cross-section in
regions where the bed elevation increases in streamwise
direction (from the upstream corner of the conﬂuence onto
around X ¼ 1.1 m according to Figure 5) and inward fur-
ther downstream where the bed elevation decreases in
streamwise direction (Figure 14e).
[41] The key element explaining the hydromorphosedi-
mentary implications of the local tributary widening is the
ampliﬁcation of the tributary velocities (Figure 15). At the
downstream corner of the conﬂuence, where the dominant
tributary inﬂow occurs (Figure 11 and Figure 12), the
increased bed discordance and tributary penetration (Figure 6
and Figure 7) increase the transverse velocities (Figures 15a
and 15b). Moreover, these transverse velocities penetrate fur-
ther outward into the main channel. This increased transverse
tributary input ampliﬁes the two-layer ﬂow structure and its
delimiting shear layer generated by the collision of the ﬂows
originating from the tributary and the main channel. Non-
negligible transverse velocities directed toward the outer
bank occur close to the outer bank, and may enhance the
ﬂow attack on that bank. These differences induced by the
local tributary widening persist in the cross-section 0.15 m
downstream of the tributary widening (Figures 15c and 15d).
[42] That the hydrodynamic processes change in the con-
ﬂuence with local tributary widening is clearly illustrated
in Figure 16, which compares the near bed (Z/h ¼ 0.2) and
near-surface (Z/h ¼ 0.7) velocities in both conﬁgurations.
Near the inner bank, the near-bed ﬂow from the main chan-
nel follows a rather straight path and it has a component
that is directed up the slope of the bar (most left near-bed
vectors in X ¼ 0.60 m. This upslope ﬂow component condi-
tions the slope of the bar face. The dominant tributary
inﬂow (in X ¼ 0.75 m in the widened conﬁguration and in
X ¼ 0.60 m in the reference conﬁguration) can easily be
recognized by the near surface velocities that are outward
directed. The local tributary widening considerably enhan-
ces the magnitude of these near-surface velocities as well as
their outward direction. The skewing of these near-surface
velocities with respect to the near-bed velocities illustrates
the two-layer ﬂow structure. The two-layer structure mainly
occurs in the region conﬁned by the shear layer, which coin-
cides closely with the toe of the bar face. This region is con-
siderably wider in the conﬁguration with local tributary
widening than in the reference conﬁguration (Figure 15 and
Figure 16). The presence of the stagnation zone where the
tributary and main-channel ﬂows collide is clearly discern-
able in the low near surface velocities, occurring near the
tributary axis in the widened conﬁguration and near the
upstream conﬂuence corner in the reference conﬁguration
(Figure 16).
4.4. Turbulent Flow Structure
[43] Conﬂuences locally enhance the turbulence activity,
which is relevant with respect to the mixing of mass, mo-
mentum, heat, suspended matter and the transport of sedi-
ment coming from the main channel and the tributary. The
patterns of the normalized tke measured in the conﬁguration
with local tributary widening are displayed in Figure 17 for
the cross-sections at the downstream corner of the conﬂu-
ence (X ¼ 0.75 m) and 0.15 m downstream of the conﬂuence
(X ¼ 0.90 m). Turbulence measurements were only per-
formed in the central part of the cross-section as explained
in Leite Ribeiro et al. [2012].
[44] The most noticeable features are the zones of pro-
nounced tke increase. They occur in the upper part of the
water column inside the shear layer and further accentuate
the two-layer ﬂow structure in the CHZ. The increased tur-
bulence activity may be attributed to two processes. First the
collision of the ﬂows originating from the main channel and
the tributary creates a shear layer (indicated in Figure 17)
that is characterized by increased turbulence activity. Sec-
ond, the momentum input by the tributary ﬂow increases the
magnitude of the velocities in the CHZ (Figure 12 and
Figure 16) and hence also the turbulence activity, since tke
scales with the square of the mean velocity magnitude. The
tributary ﬂow appears to be similar to a jet, and generates
patterns of increased turbulence similar to a jet at the jet
margins [Rhoads and Massey, 2012]. In line with observa-
tions in the reference conﬁguration Leite Ribeiro et al.
[2012], the core of pronounced tke increase in the shear layer
about coincides with the preferential corridors of sediment
transport (Figure 8).
5. Local Tributary Widening for River
Rehabilitation
[45] At present, the main channel of the Upper Rhone is
channelized at almost constant embanked width. The eco-
logical state of the main channel is poor due to the spatially
quasi-homogeneous ﬂow and morphologic conditions.
Most of the Upper Rhone’s tributaries are also channelized
and embanked immediately upstream of their conﬂuences
with the Rhone, but are in a better ecological state farther
upstream [Weber, 2006]. Weirs or block ramps, constructed
at the conﬂuence mouth to stabilize the bed discordance,
reduce the lateral connectivity as compared to natural bed
discordant morphologies. This reduced connectivity is par-
ticularly severe during low ﬂow stages. Conﬂuence rehabil-
itation by local tributary widening may not only improve
the local habitat heterogeneity in the main channel, but
more importantly make the tributaries act as ‘‘sources’’ or
‘‘refugia’’ for biodiversity by improving their connectivity
to the main channel system and by improving the local hab-
itat in the widening.
[46] The improved connectivity plays a role not only
locally, but for the whole river system. Connectivity is crucial
for linking biological communities and populations within a
catchment, maintaining genetic and taxonomic diversity and
linking habitats for different life stages of aquatic organisms
[Lake et al., 2007; Palmer, 2009; Rice et al., 2008]. The
potential connectivity beneﬁts of local tributary widenings on
the Upper Rhone can be illustrated by considering the case of
the lake resident brown trout (Salmo trutta lacustris), which
has been investigated by Champigneulle et al. [1991] and
Association Truite Le´man (Reconstitution de zones propices a`
la reproduction naturelle des truites, available online at www.
truiteleman.ch/dossier/publicationsf.htm, in french). The lake
resident brown trout spawns in the Upper Rhone’s tributaries.
Juveniles remain in the tributaries for 1 to 2 years, and
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subsequently migrate downstream to Lake Geneva (Figure 1).
During their adult life, they migrate upstream from Lake
Geneva to their spawning grounds in the period October–
December, which generally coincides with a period of low
ﬂows. The spawning areas are vulnerable to ﬂoods during
the winter and spring season. The lake resident brown trout
is an endangered species in Switzerland: during the period
1986–1996, its presence decreased by 42% [Friedl, 1999].
Conﬂuence rehabilitation by local tributary widening may
improve connectivity for brown trout in two ways. First, the
insight provided by our experiments into the formative mech-
anisms of the bed discordance should allow for a design of
conﬂuence mouths without hard engineering structures, such
as weirs or block ramps. Such an improved design would
allow organisms to migrate with fewer barriers between the
main river and the tributaries, especially at low ﬂows. Sec-
ond, the increased heterogeneity of ﬂow depths and velocities
in the engineered section may provide additional spawning
grounds, refugia during ﬂoods and overwintering habitats.
[47] In general, local tributary-mouth widening may
locally enhance habitat for a broad range of aquatic biota.
The main ﬂow corridor has coarse material at the bed sur-
face, active sediment transport, high ﬂow depths and high
velocities. The additional dry zones and ﬂow stagnation
zones, introduced by the engineered widening, have ﬁne ma-
terial at the bed surface and low ﬂow velocities. Bed surface
material, ﬂow depth and velocities also show variability
within each of these ﬂow regions. Bed surface material,
ﬂow depth and velocities are known to be dominant control
parameters for aquatic biota (e.g., macroinvertebrates, ﬁshes
and vegetation), and they are key parameters in habitat suit-
ability models [Schweizer et al., 2007b]. The increased het-
erogeneity in these dominant control parameters could offer
an appropriate habitat for a much wider range of biota than
the homogeneous, channelized reference conﬁgurations.
[48] The natural temporal variability in ﬂow discharge
and sediment load are important for biota [Palmer et al.,
1997] and can be expected to further increase the system’s
heterogeneity by causing temporal variations in the loca-
tion and size of the tributary main ﬂow corridor, dry zones
and ﬂow stagnation zones. Moreover, temporal variability
is essential for remobilizing bed substrate and supplying or-
ganic matter. The dry zones identiﬁed in the reported labo-
ratory experiments under bed-forming conditions can be
expected to be dry during low discharges and inundated
with relatively weak ﬂow during ﬂood conditions. They
could be a suitable habitat for the development of a riparian
ecosystem, including vegetation colonization of exposed
bar surfaces [Schweizer et al., 2007a; Singer and Dunne,
2006; Weber et al., 2009], and could form an essential con-
nection between aquatic and terrestrial ecosystems. The
ﬂow stagnation zones are characterized by weak ﬂow con-
ditions, and can therefore be expected to play an important
role as refugia for aquatic biota during ﬂood events.
[49] It is clear, however, that the quasi-homogeneous
hydrodynamic and morphologic conditions in the engineered
conﬂuence are only one of the limiting ecological factors in
the Upper Rhone river network. Creating an appropriate
physical habitat through tributary widening does remove an
important limiting factor, but cannot guarantee on its own ec-
ological improvement. The ecological improvement requires
the establishment of a biological community including
essential linkages between different species and their de-
pendency on physical quantities. The lake resident brown
trout, for example, requires a sufﬁcient physical-chemical
water quality during its reproduction stage. Emergent and ri-
parian vegetation also play an important role: they favor the
development of macroinvertebrate communities which are at
the basis of the juvenile trout’s food web, and they provide
shelter zones for juvenile and adult trout and other ﬁsh spe-
cies. We refer to Palmer et al. [1997] and Lancaster and
Downs [2010] for a detailed discussion of the role of habitat
restoration in the reestablishment of species and ecological
function.
[50] The local widening of the tributary for rehabilitation
purposes is only acceptable if it does not induce adverse
impacts on ﬂood safety. In the laboratory experiments
reported here and in 10 additional experiments of Leite
Ribeiro [2011], the local widening did not noticeably affect
the water surface elevations in the tributary upstream of the
widening (Figure 6) and in the postconﬂuence channel
(Figures 7b–7e). This suggests that the local tributary widen-
ing does not have adverse impacts on ﬂood safety for inbank
ﬂows, although it might enhance the ﬂow attack on the main
channel’s outer bank just downstream of the conﬂuence,
which may need to be accommodated in rehabilitation
schemes. But the laboratory experiments only considered
steady state equilibrium conﬁgurations for a limited number
of discharge scenarios. Further experiments are required for
simulating the dynamic evolution of the bed and water sur-
face topographies during ﬂood events to preclude any
increased ﬂood risk.
[51] The experimental set-up was designed as a schema-
tized conﬁguration based on the control parameters for the
geometry, the ﬂow and the sediment that were expected to
be of dominant importance. The experimental design aimed
at reproducing the dominant processes occurring in a
broader range of conﬁgurations characterized by relatively
low discharge and momentum ﬂux ratios where small steep
tributaries with a high supply of poorly sorted sediment
join a low-gradient stream. Leite Ribeiro et al. [2012] have
shown that the reference experiment without tributary wid-
ening reproduced satisfactorily the main features observed
in the Upper Rhone conﬂuences, which lends credibility to
the results of the laboratory investigation. Obviously, the
details of the hydrodynamic and morphologic patterns will
depend on numerous parameters, including the conﬁgura-
tion of the engineered conﬂuence, the geometry of the trib-
utary widening, the discharge and sediment transport
scenarios and the sediment characteristics. Leite Ribeiro
[2011] has investigated the effect of the discharge scenario
and the geometry of the local tributary widening in a series
of 12 experiments in the same experimental set-up: three
different discharge scenarios in the reference nonwidened
conﬁguration and in three different geometries of the local
tributary widening. Detailed measurements of the ﬂow and
turbulence were only obtained in the two experiments
reported in the present paper, whereas the other experi-
ments focused on the morphology. The analysis conﬁrmed
the reproducibility and the robustness of the main results,
which are the enhanced processes in the CHZ, and espe-
cially the increased heterogeneity and complexity of the
ﬂow, morphology and sediment in the local tributary wid-
ening. For all experiments, the ﬂow depth in the widening
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was very heterogeneous with deep zones, shallow zones
and even the appearance of dry zones. The ﬂow ﬁeld
included corridors of high velocities corresponding to the
corridors of sediment transport, zones of weak velocity and
recirculation zones. The sediment ranged from the coarsest
material in the high-velocity corridors of sediment trans-
port to the ﬁnes material in the recirculation zones and the
dry zones. Local tributary widening can reasonably be
expected to provide enhanced hydraulic habitat without
adversely affecting ﬂooding in a wide range of conﬂuence
conﬁgurations. The result of the present laboratory investi-
gation cannot, however, straight forwardly be extrapolated
to ﬁeld conﬂuences, or to conﬂuences with characteristics
that differ from those investigated.
6. Conclusions
[52] Channelized ﬂuvial systems are characterized by a
reduced heterogeneity in ﬂow, sediment and morphology
characteristics, which contributes to the impoverishment of
ﬂuvial ecosystems. The hydromorphological implications
and the ecological potential of a local tributary widening
were investigated in a laboratory setting that is representa-
tive of the 20 major conﬂuences on the Upper Rhone River,
Switzerland.
[53] The local tributary widening considerably affects
the hydromorphosedimentary processes in the conﬂuence
hydrodynamic zone (CHZ). Although the local tributary
widening reduces the angle of entry of the tributary ﬂow, it
leads to an ampliﬁcation of the hydromorphosedimentary
processes in the CHZ with respect to the reference conﬁgu-
ration. This result is due to the reduction of the effective
ﬂow area in the local tributary widening and the corre-
sponding increase in the tributary velocities and the tribu-
tary momentum ﬂux. The reduction in effective ﬂow area is
necessary to satisfy the requirement for sediment transport
continuity in the local tributary widening. It occurs by
means of a general rise in the bed elevation and by a lateral
constriction of the ﬂow induced by a zone of ﬂow stagna-
tion at the upstream conﬂuence corner. The increased tribu-
tary velocities accentuate and amplify a two-layer ﬂow
structure in the CHZ. Flow originating from the tributary
remains in the upper part of the water column and is
strongly outward directed while ﬂow originating from the
main channel remains in the lower part of the water column
and is considerably less outward directed. This two-layer
ﬂow structure does not, however, generate secondary ﬂow
cells. A pronounced shear layer characterized by increased
turbulence activity develops at the interface between ﬂows
originating from the main channel and the tributary. The
increased tributary momentum ﬂux due to local tributary
widening leads to a more pronounced bed discordance and
to enhanced penetration of the tributary ﬂow into the CHZ
for the studied discharge scenario. Downstream of the
CHZ, higher deposition in the inner part and scour in the
outer part of the cross-section amplify the bed morphology
gradients. This morphological effect ampliﬁes topographic
steering of the ﬂow and the corresponding transverse ﬂuxes
of mass and momentum.
[54] In the physical model runs the heterogeneity of the
sediment substrate, the ﬂow velocities and the ﬂow depths
is signiﬁcantly increased by the local tributary widening,
which suggests that in rivers, tributary widening has the
potential to enhance habitats. Furthermore, such a local
tributary widening can improve the connectivity of the trib-
utary to the river network, and thus local conﬂuence inter-
ventions might have system-wide ecological beneﬁts. In
the investigated conﬁgurations, the local tributary widening
does not have adverse effects on ﬂood safety, neither in the
tributary upstream of the local widening, nor in the post-
conﬂuence channel, although it could enhance the ﬂow
attack on the outer bank in the postconﬂuence channel.
[55] Local tributary widening can reasonably be expected
to provide enhanced hydraulic habitat without adversely
affecting ﬂooding in a wide range of conﬂuence conﬁgura-
tions. But no ecological data is yet available to conﬁrm
these ecological beneﬁts, and no hydromorphological data
is yet available from ﬁeld conﬂuences. The result of the
present laboratory investigation cannot straight forwardly
be extrapolated to ﬁeld conﬂuences, or to conﬂuences with
characteristics that differ from the investigated ones. The
reported results merely support the implementation of this
rehabilitation strategy of local tributary widening by direct
engineering intervention.
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